manure application rates are based on nitrogen loading. There has been widespread objection to the use of anaerobic lagoons for swine manure based on the impact of odor release. More recently, ammonia emissions from anaerobic manure storages have become of increasing concern due to their contribution to the acid rain issue (Chadwick et al., 2000; Robarge et al., 2000) . In addition, methane emission, including that from uncovered anaerobic manure storages, is receiving increased attention due to its potency as a contributor to global warming as a greenhouse gas (U.S. Department of Energy, 1997) .
One way to control the escape of odors and other gaseous emissions from anaerobic manure storages is the installation of covers. Both permeable and impermeable covers have been proposed. An air-supported pneumatic structure made of a vinyl-coated fabric supported by a low-pressure blower was described by Hussey et al. (2000) . Other impermeable covers that have attempted to capture biogas for beneficial uses or for odor treatment have also been described. There is a long tradition in which permeable covers have been recognized as having odor control benefit. Among the earliest recognitions of the odor-control benefit of a permeable cover was the observation that dairy manure lagoons with a thick floating scum tended to have less odor than lagoons with an open-water surface. Patni and Hui (1993) evaluated several alternatives for the control of odor emissions and reported that none were effective except for the addition of peat moss, which formed an intact scum layer on top of a manure storage tank.
A fabricated, floating, permeable cover designed to reduce odor and ammonia volatilization was described by Miner and Pan (1995) . Their experiments utilized a variety of open-and closed-cell polyurethane foams with and without natural zeolite added as an ammonia adsorbent. Their studies indicated that so long as the open-cell material could be supported above the free-water surface, ammonia and odor reductions in excess of 60% could be achieved. The presence of zeolite in the aerobic portion of the cover improved ammonia removal. Since the open-cell polyurethane material was not sufficiently buoyant to be self-supporting, it tended to become flooded by liquid manure, and all effectiveness was lost. The closed-cell foam was impermeable, and hence ineffective from a biological perspective in odor removal. Miner and Suh (1997) reported on a series of laboratory-scale investigations in which polyurethane foam manufactured to have variable ratios of open and closed cells was used to cover liquid swine manure. These investigations confirmed effective ammonia and odor removal when the liquid surface was covered by a permeable layer of material suitable for the support of an aerobic bacterial population to catabolize the ammonia and other reduced gases associated with odor release.
LABORATORY STUDY
The laboratory study was devised to determine if a permeable foam board floating on a liquid manure slurry would reduce the odor emission. Earlier work had indicated some effectiveness could be anticipated, particularly if some zeolite was added. The study was conducted at the Oregon State University Water Quality Laboratory in Gilmore Hall. Boards of recycled polyethylene foam described below were used. All tests were conducted by filling vertical-sided, 30 cm diameter, 40 cm tall, food-grade plastic pails approximately half full of pig manure from the OSU Swine Research Farm. The manure slurry was approximately 5% solids in each of the pails. Five separate alternatives were tested. Each alternative was tested in duplicate, so a total of 10 pails were utilized. The alternatives evaluated are defined in table 1.
The performance of the four covers was evaluated by measuring the ammonia concentration in the headspace over the covers. This was done by passing a measured volume of air through a dilute acid trap and measuring the absorbed ammonia using Nesslers reagent to form the typical yellow color that can be read on a Bausch & Lomb spectrophotometer. Four separate measurements were made one week apart, beginning one week after the covers were placed on the manure. This lagoon and farm site were selected as being representative of many similar swine finishing operations in North Carolina. The lagoon had not been previously identified as having an unusual odor problem. There were some complaints regarding odors from the building, but these may have been resolved in December 2000, when the inlet line for recycled pit flush water was moved from near the fresh manure inlet area to a more remote location.
DESCRIPTION OF THE LAGOON COVER
The floating cover consisted of two parts: a permeable foam board, and a proprietary biocover. The foam board was made of post-industrial recycled, closed-cell polyethylene foam. It was highly air and water permeable and suitable to support an active population of aerobic microorganisms such as might be found in a well-operating trickling filter. Specifications for the foam board are summarized in table 2. The biocover component added a gas absorption and selective cation exchange capacity. It was also highly gas and water permeable and increased the structural strength of the overall cover for severe weather protection (heavy rain and strong wind). The biocover was also highly UV resistant. Specifications for the biocover are given in table 3. 
INSTALLATION PROCEDURE
The materials were shipped to the site prior to the installation and unloaded by the owner of the farm. The six-man installation crew arrived on site and selected the area on the east side of the lagoon as the initial assembly area.
The assembly procedure consisted of placing the 35 mm foam panels on the ground and joining them together by heat bonding the salvage edge of the geotextile of adjacent panels to each other. After an area of foam more than 8 m wide across the end was completed, the rolls of geocomposite were unrolled over the foam. The geocomposite was bonded to the adjacent geocomposite panel and the foam panels with an adhesive. Granular zeolite was then placed on the geocomposite at a rate of 850 g/m 2 . The zeolite particles were sufficiently small to become imbedded in the geocomposite. The completed cover section was then pulled onto the lagoon. This process was continued until the cover reached the center of the lagoon. The assembly area was then moved to the opposite end of the lagoon, and the remainder of the cover was assembled and pulled across the lagoon from this end. The two sections of the cover were then joined together with adhesive, and the entire perimeter of the cover was secured in an anchor trench around the lagoon.
SAMPLING AND ANALYTICAL PROCEDURES WATER SAMPLING
Two sets of liquid samples were collected from the lagoons during the time preceding and immediately following the installation of the cover. One set was collected by the North Carolina Department of Agriculture, Agronomic Division, in Raleigh, N.C., to serve as a planning guide to apply lagoon contents according to agronomic rates. Three lagoons were sampled: the one that was to be covered, and two nearby lagoons. There is nothing to ensure that the three lagoons were loaded equally; hence, the analytical data should be interpreted accordingly. The second set of samples was collected in direct support of this project immediately before the cover was installed and over a two-month period thereafter.
COVER SAMPLING
Samples of the lagoon cover were collected for microscopic examination and analysis for nitrifying bacteria approximately three, four, and six months after installation. In the first sampling (28 Sept. 2000) , only the upper layer was sampled. In the November and January sampling (16 Nov. 2000 and 11 Jan. 2001), a complete cover sample was collected, which included the geocomposite, the embedded zeolite, and the supporting layer of polyethylene foam board. In each of the first two samplings, a section of cover approximately 6 cm square was collected, immediately placed in a small volume of phosphate buffer solution, and delivered to Dr. Ross E. McKinney at Duke University within 24 hours. Split samples were also delivered to the laboratory of Dr. Michael Hyman at North Carolina State University. Dr. McKinney subjected extracts from the various cover components to microscopic examination. Both unstained and methylene blue stained samples were examined at 100X and 400X magnification. Dr. Hyman conducted enrichment culture analysis for nitrifying bacteria. The January sample sizes were approximately 10 to 15 cm square and were subjected to microbiological analysis only.
TEMPERATURE MEASUREMENTS
Onsett temperature loggers (Onsett Computer Corp., Pocasset, Mass.) were placed to measure the surface temperature of the lagoon cover and at the 15 cm water depth at two locations on the covered lagoon from 28 September through 4 October 2000. Water temperatures at the 15 cm depth were also measured at the same time at two locations in a similarly sized but uncovered lagoon nearby.
AMMONIA CONCENTRATION MEASUREMENT
Ammonia concentrations were measured 30 cm above the lagoon surface both before and after installation of the cover. Ammonia concentrations were measured using denuder tubes suspended over the lagoon for a period of 4 to 6 hours. Measurements were made in duplicate twice a day. Air temperatures were relatively uniform during this period, ranging from 16°C at night to a high of 33°C during the day.
AMMONIA FLUX RATE MEASUREMENT
The approach used to measure the ammonia emission rate from the lagoon both before and after installation of the cover combined path-integrated concentration data acquired with an open-path Fourier transform infrared (OP-FTIR) instrument along with a recently proposed and evaluated computed tomography (CT) technique (Hashmonay and Yost, 1999; Hashmonay et al., 1998; Hashmonay et al., 2001 ). Measurements were made when the wind was from the ESE in order to eliminate the confinement pig building as an odor source. The scanning OP-FTIR was placed near the southeast corner of the lagoon and aimed northward to measure downwind of the lagoon. The beam geometry consisted of five paths: three scanning the OP-FTIR device to ground-level retroreflectors, and two slanted-beam paths scanning to 5 and 8 m height retroreflectors mounted on a tower. A Midac OP-FTIR mounted on an EPA-designed and built two-axis scanner moved among the beam paths. Each path was sampled for one minute per scan, with the total sampling period being at least 20 minutes long to minimize data variations and to allow a buildup of an approximate Gaussian plume. Wind speed and direction data were collected and averaged over the same time.
RESULTS AND INTERPRETATION LABORATORY STUDY RESULTS
The laboratory study using the 10 pails demonstrated that the floating covers were effective in reducing the ammonia concentration in the headspace of the pails. Results in table 4 are expressed in percent reduction in the ammonia concentration in the headspace compared to the control.
Informal odor observations (frequent sniffing by students and the lead author outside the building in an open, well ventilated area) confirmed odor reductions roughly consistent with the ammonia concentration reductions. The data in table 4 also make the following points: S The covers tended to become more effective with time. This is consistent with the expectation that an aerobic bacterial population within the cover is essential for ammonia oxidation. S The thicker covers achieved a greater ammonia reduction than the thin ones. S The addition of a geotextile or a zeolite layer increased the ammonia reduction. This was particularly apparent during the first two weeks of cover use.
LAGOON CONTENT ANALYSES
The results of lagoon liquid sampling by the North Carolina Department of Agriculture are presented in tables 5 through 7. These results coupled with the ammonia emission data in tables 9 and 10 show that the cover reduced the rate at which ammonia was volatilized to the atmosphere. Because of the differing loading rates on the three lagoons and the relatively small number of samples, these data do not radiator during the night. Secondly, the cover is an effective insulator in that the water temperature at the 15 cm depth in the covered lagoon was relatively constant, while the water at the 15 cm depth in the uncovered lagoon varied by up to 6°C between daily high and low temperatures.
AMMONIA CONCENTRATIONS IN AIR ABOVE LAGOON BEFORE AND AFTER COVER INSTALLATION
Ammonia concentrations in the air 30 cm above the lagoon surface were measured during two periods. The first period (8-14 July 2000) was before the installation of the cover. The second period (15-21 Aug. 2000) was after installation of the cover. Intense rains occurred three times during August (4 Aug, 8 Aug., and 17 Aug.). Ammonia concentration data are summarized in table 9. As would be expected, there is considerable scatter in these data due to differing wind conditions and temperatures at the time of sampling; however, the data tend to confirm the 80% reduction in ammonia emission rate measured in the laboratory studies.
AMMONIA FLUX FROM THE LAGOON BEFORE AND AFTER COVER INSTALLATION
Average results representing over two hours of data collection for ammonia emission fluxes are presented in table 10 for 7 July 2000 (before lagoon cover installation), 16 August (one week after lagoon cover installation), and 24 October (three months after lagoon cover installation). The ammonia flux data are in agreement with both the laboratory study and the conventional ammonia in air concentration data in demonstrating a reduction in the ammonia emission rate of approximately 80%. This reduction in ammonia flux may be a slight underestimate due to the greater wind velocity during the August sampling date than the July date. The laboratory studies also indicated that the cover did not reach steady-state effectiveness in ammonia removal during the first week. 
BACTERIOLOGICAL EXAMINATION
The 28 September 2000 sampling of the surface cover revealed a population of healthy filamentous large green algae, some blue-green bacteria, diatoms, motile bacteria, nematodes, and ciliated protozoa. This indicates that sufficient moisture and nutrients were available within and on the cover surface to support an environment suitable for such active microbial metabolism. Because green algae are unable to fix atmospheric nitrogen, their presence indicated that nitrogen in the form of ammonia and other nutrients including phosphorus and trace minerals contained in the lagoon liquid and/or escaping gases were transported into the cover matrix. An end product of green algal metabolism is oxygen, and the extent of growth observed is believed to have contributed to a cover surface environment suitable for active aerobic metabolism. Bacterial enumerations were not conducted; however, qualitative observations indicated that potential methane and sulfide oxidizing bacteria may have been present in the observed microbial population. Methane and hydrogen sulfide are both potential gases associated with anaerobic treatment of swine manure. Hence, the presence of methane and sulfur oxidizing bacteria in this environment was not surprising.
The 19 November 2000 lagoon cover samples were from two locations. One was cut from near the point where manure entered the lagoon, and the other was in the storage area. The sample cut from the storage area had fewer bacteria than the sample from near the inlet area; however, both showed significantly increased numbers of bacteria and protozoa as compared to the 28 September 2000 samples. Qualitative observations indicated the presence of many different bacteria, including potential sulfur-oxidizing bacteria and a few nitrifying bacteria. Enrichment culture analysis of "split" samples (conducted at North Carolina State University) provided reasonable evidence of the presence of both ammonia and nitrite-oxidizing bacteria. Ammonia is present in anaerobic lagoons, and thus it is logical to anticipate the presence of nitrifying bacteria in the aerobic environment of the biological cover.
Direct microscopic examination and analysis of the 11 January 2001 samples (sampled in similar locations as described for the November samples) showed that microbial activity within the lagoon cover material continued to increase as compared to the September and November samples. As previously observed, the microbial population was diverse and contained algae, bacteria, and protozoa. Protozoa, however, were not observed in significant numbers, and this may have been the result of climatic conditions as compared to the previous sampling events in that December 2000 was one of the colder months on record for North Carolina. As noted with the previous samples, qualitative observations indicated the presence of sulfide and methane oxidizing bacteria and nitrifying bacteria.
Collectively, these data from bacteriological examination showed that under the environmental conditions provided by this covered swine waste treatment lagoon, the permeable cover matrix established an active and environmentally beneficial microbiological population. Microbes contained in the population are capable of catabolizing environmental nutrients and gases associated with liquid swine manure, including ammonia, hydrogen sulfide, and methane. Conclusions regarding transport mechanisms of nutrients from the lagoon environment into the cover matrix, the extent (rate) of catabolism of these nutrients, long-term biological performance, and fate of metabolic by-products within the cover matrix cannot be drawn from this study.
OBSERVATIONS
The composite lagoon cover resulted in the ammonia evolution rate being reduced by approximately 80% compared to the same lagoon prior to cover installation and under more controlled laboratory conditions where a similar uncovered surface was available for comparison.
The surface of the cover reached a daytime temperature in excess of 43°C, but this heat was not transferred to the water surface due to the insulating properties of the cover material. The cover reduced the diurnal temperature fluctuations. The cover reduced the rate at which the lagoon surface cooled in the autumn compared to a similar uncovered surface.
Under laboratory conditions in which an intensely odorous manure slurry was being used as the odor source, the cover resulted in a nearly complete blockage of odor emission. On-going observations at the field site confirm the odor control effectiveness of the cover.
The lagoon cover became colonized with a diverse microbiological population, including dispersed aerobic bacteria and free-swimming ciliated protozoa. These conditions would be expected in a floating cover that was rich in nutrients as well as highly aerobic due to the relatively high porosity and low organic loading rate.
